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Introduction/Roadmap

e measurements of BY and B, mixing contribute to
our understanding of weak interactions

e combined with measurements from B factories,
they test the SM

e flagship measurement for CDF Il B program

e overview measurement technique and issues
e focus on the measurement of Br(B; — D_w™)
e determines size and properties of our main sample

e use results of this analysis to project B, mixing
reach
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Weak Interactions in the SM

F 7 e CKM matrixx W% boson
' couplings to quarks

e area ~ |V
e interaction strength ~ |V;;|?

e unitary matrix: VV1i =1

e unitary triangle

e 1 observable phase
(~ area, ~ CP violation)
.. how does B, mixing fit into this?

Ved Vob
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B Mixing and the Unitarity Trlangle

e both B,; and B, mesons mix h——5— s
e ratio of mixing frequencies: D Wé ;V
measures one side of the =~ & :
unitarity triangle (|Viq/Vis|) b ———— s
e indir. meas: Am, < 24 ps™! ety e
e overconstrain — test SM DS—_WWW*%

wwwwwwwwwwwwwwwwwwwwwwwwwwww

| Input for unitarity triangle fits:

| %% o C P violation in K, B system
. - e B s wlvX vs B— DlvX
| “ e B;, B, meson mixing

L .1 e direct measurements of «, ~
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B ) Mixing Measurement Ingredients

Per B meson decay,
e determine decay flavor [use flavor specific states]

e identify B meson production flavor [flavor tagging]
e measure B proper decay time [ct resolution]

0.1

Time-dependant asymmetry: [, mixing 8,05 po-
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o
o
al

Nobs (t) Nobs (t)

Amzw(t) . UNMILE mix

UNMIT maix TR “U“U

— (2p—1) cos(Am t) _0_15'?".#0'19?5 ..............

proper decay time, t [ps]

Mixed Asymmetry
o

o
o
a

Oscillation amplitude: 2p — 1 = D [dilution]
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Significance — e 2
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2
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Apparatus: Tevatron
Main Injector

FERMILAR'S ACCELERATOR CHAIN

e New injection stage for

- MAIN INJECTOR

Tevatron — {ecvere N
e Ability to accelerate and - \ .
deliver higher intensity M w”
of protons S==_"& m“
e More efficient p transfer g :;: -

e p recycler (in progress)

e Higher Collision rate: 396ns (36x36 bunches)
= 5-10 Higher Luminosity than Run |

e Higher C.M. Energy:
Run I: 1.8 TeV — Run |l 1.96 TeV
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Tevatron Luminosity

Tevatron Performance

e Below expectation
but improving
— Record luminosity:
4.8 X 10°lcm—2s1
— Now consistently
4 — 7 pb~per week

At CDF:

‘o 350
a

sity (

sooff { i

LB A R T B L R |
iMoy idu\fgep Nov UomiMor iMoy
| | | | zooj | |

Quéea hOﬂiMOF
L1 2004

livered |
To tape

oA RO R P HP SN PR SR I
750 1000 1250 1500 1750 2000 2250 2500 2750 3000
Store Number

e 330 pb~! delivered, 260 pb~—! recorded

e ~ 200 pb~! all important systems on

e analyses shown use 12 — 120pb~—1
(depending on when they were done)
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Apparatus: The CDF |l Detector

Inherited from Run I:

Muon Detectors

Muon Detectors _—

e Central Calor. (|n| < 1)
e Solenoid (1.4 T)

Partially new:

e Muon System
(extended to |n| < 2)

Completely new:

e 3D Silicon Tracker (|n| < 2)

e Faster Drift Chamber

e Plug and Forward Calorimeters, Time Of Flight

e Trigger System (trigger on displaced vertices)
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B Mixing in pp collisions

e produce all B species: B%, BT, B,, B., A
e huge B production cross section: ~ 100 ub

(3 — 5 ub “reconstructable”)
at4 -10%3'ecm—2s~ 1, 150 Hz reconstructable B’s

e large inelastic (o X 1000) background
=> triggering very important

e B’s boosted in the transverse plane (ct measurement)
e less production flavor information than at ete™
e B’ mixing routinely done in Run |
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Reminder: Measurement Ingredients

Per B meson decay,
e determine decay flavor [use flavor specific states]

e identify B meson production flavor [flavor tagging]
e Mmeasure B proper decay time [ct resolution]

Focus: flavor tagging techniques
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Tagging The Production Flavor

opposite side | same side (vertexing)

opposite
side kaon | T
. fragmentation
] - kaon +
K | K
D meson ~o
~ +
b hadron . K
0 S e —
P V BS s ~ K
L, b ™
- \
Ct = Ly

e Tagging algorithms identify Bpﬁ)roduction flavor

e Opposite Side Tagging: B’s produced in pairs,
Identify the flavor of the opposite B meson

e Same Side Tagging: hadronization 7/ K

charge is correlated to B;/ B production flavor
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Tagging: Opposite Side Tagging

e Lepton Tagging: find lepton from B — Div X

e Jet Charge Tagging: momentum-weighted sum of
track charge in B jet (+ displacement)

e Kaon Tagging: assume b — ¢ — s decay, find
kaon in B jet
opposite side

— e Difficulties with OST:
sere e 20-40% opposite side B’s

K§ Inside detector acceptance

BO,BS mix — production
= flavor information lost
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Tagging: Same Side Tagging

Exploit signature of B, same side (vertexing)
hadrqQnization: _
b b | .
f tati
s . B kr:c?rrlnen;+'on
s |
K" &-------- K
s o BS \\‘\ K_
C U : D, -

e 80% of tracks in event are pions [kaons ~ 10%]

e fragmentation tracks are soft — TOF particle ID

e Run | BY mixing using track SST

e expect improvement using TOF particle ID

e combined (OST + SST) tagging power: eD? ~ 5%
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Taggmg Efforts in Run |l

CDF Run Il Preliminary B - JYK”* CDF Run Il Preliminary B D i
- Right Sign, 372 + 25 e 1501 - Right Sign, 563 + 32 e
- Wrong Sign, 253 + 20 events - Wrong Sign, 396 + 26 events
3 100 2
=1 =
o o
Z = 100+
[%2) [%2)
Q Q
IS IS
(5] ()
= :
o Q2 501
E €
= | =
o
(o} (o}

pu* u K invariant mass [GeV] K* 1t 1t" invariant mass [GeV]

e fully reconstructed BT decays
e measure efficiency and dilution
e example: same side pion tag

4.8 é 5.2 5.4 5.6 4.6 4.8 5 5.2 5.4 5.6

Efficiency

Asymmetry

0.8+
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CDF Run Il Preliminary B* D
|
1
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B transverse momentum [GeV]
CDF Run Il Preliminary B* D
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B transverse momentum [GeV]

e Bt - J/YKT: eD? = 2.4 + 1.2(stat)%

e Bt — DOr:

eD?* = 1.9 £+ 0.9(stat)%

e Runl J/¢YK*: eD? = 1.8 £ 0.4(stat)%
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Reminder: Measurement Ingredients

Per B meson decay,
e determine decay flavor [use flavor specific states]

e identify B meson production flavor [flavor tagging]
e Mmeasure B proper decay time [ct resolution]

Focus: ct Resolution

e Importance of ¢t resolution

e triggering on fully hadronic B (and charm) decays

e digression: D meson mass difference measurement
e rate of fully hadronic B, decays

e —> Mmixing reach projection
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Precise ¢t Measurements

e rapid oscillations: o

Amg > 13.1 ps~! (90%CL, PDG) B ace] i N
(indir. meas: < 24 ps™1) WWUWWWM
| ik

e very good ct resolution needed:

Mixed Asymm
By o

o
o
ik

:Dlt 005
25 5 10

(o) (o) ° proper decay time, t ps
Oc — (—L> @ (ﬁ) . ct [ ]
Y8 Y8

e semileptonic decays: B momentum error ~ 15%
e hadronic decay (B, — D.m) negligible (~ 0.1%)
e using base Runll silicon : 60 fs Amg, ~ 17 ps—!
e layer of Si on beampipe: 45 fs Amg, ~ 22 ps—!
e Problem: how do we trigger on these decays?
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Triggering on displaced tracks

e trigger B — wmw, By — Dgm

e challenge: read out SVX and
track at 10’s of kHz — SVT

dg 4 =
Primar _X_v =
Vertex” ™ e

d0(+) Pt -

-

e trigger on 2 displaced tracks

(pT > 2 GeV/c,120 pm < |dp| < 1 mm)

e huge charm samples gathered

e with small int. luminosity,
competitive charm analyses

Events/0.4 MeV/c?
8
o
o

-P.> 2 GeVic; Xéw <25

- Includes
0=4/pm|| 33pum

g 14000 beamSpOt

AL
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Momentum Scale Calibration

y - i N: 1868:— - before corrections
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D Meson Mass Difference

No 400} cDF Run Il Preliminary, 11.6 pb™

- D", D, - @, @ KK

—
% 350 - Unbinned likelihood fit projected

= 300}
Y 250}
I
Q. 200¢
) -
2 150}
"E -
51000,
e s

07 i i !
1.80 1.85 1.90 1.95 2.00 %.05
KKttt mass [GeV/c ]

m(D+)—m(D+) = 99.41-

-0.38(stat) 4

-0.21(syst) MeV/c?

PRD 68 (2003) 072004 - First Tevatron Run Il publication

e PDG '02: 99.2 + 0.5 MeV/(22
0.6 + 0.3 MeV/c?

e CLEOZ2 (1998): 99.5 +

e BaBar (2002): 98.4 + 0.1 &= 0.3 Me

V/c?
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Reminder: Measurement Ingredients

Per B meson decay,
e determine decay flavor [use flavor specific states]

e identify B meson production flavor [flavor tagging]
e Mmeasure B proper decay time [ct resolution]

Focus: Rate of fully reconstructed
hadronic B, decays

e use as input for mixing reach projection
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Fully Hadronic B, decays

e good for B; mixing because of good ct resolution
e BY —» D_ =T “golden mode”

— fully hadronic, flavor specific

— few tracks — ““‘easy” to trigger, reconstruct

- D7 — ¢’n, ¢* — KK narrow resonance
(cut on K K invariant mass — good S/N)

e first observed at LEP

e branching fraction? (PDG: <13%, 95% CL)
(determines number of B, available for mixing)

e initially assumed ~ Br(B° — D~ n)
e background composition? S/B?
e answers: branching fraction measurement
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Rate of B, vs B’

e want to understand rate of By — D_w™*

e compare to similar decay B’ — D—x*t

e count how many B, vs B" are reconstructed
e what is different?

e rate of B, production different from B°
e f./fq probability for b to hadronize as B,/ B’

e final state D, — pwvs D~ — Ktn 7w~
e account for by using PDG ratio of BR’s

e kinematics slightly different — efficiency?
e ¢ = €(acc) - e(det) - e(trig) - e(rec)
e will need to consult Monte Carlo simulation for this
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Br(B) — D_w") Measurement:
We measure the ratio of branching fractions:

fs Br(B) — D,mr) N(B]) €(B°) Br(D" — K=nm)
fa Br(B°— D-=n) N(B°) ¢(B% Br(D,— ¢n,..)

e control sample: Bt — D% and corresponding
BR relative to B — D—x™

e N(B?), N(BT), N(B") obtained from fits to data

e ¢(B") /e(BY), e(BY)/e(B™) from realistic MC

¢ BR(D~/D_ /D) are taken from PDG
Key Issues:

e reconstruction of B mesons with good S/ B

e robust and correct extraction of N (B)

e realistic trigger and analysis simulation
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Typical B meson selection cuts:

e x; (D) <14 .y
o x2,(B) <15
e pr(D) > 3.5 GeV/c
e pr(B) > 5.5 GeV/c _— Ez/gretcéiy
e L, (B) > 400um -
¢ L,y(B — D) > —150um P
e AR(D,np) < 1.5 B decay
e pr(mp) > 1.6 GeV/c vertex “
e |dy(B)| < 80um B Lyy
e ¢" mass cut for BY

(1010 MeV/c? < m(¢°) < 1028 MeV/c?) v

O

P. V.
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B Meson Selection Optimization:

N§14o | N§103

() L (] B

2120:* “ S A

Q, P 810 2

3o " IO L I e

:UDJ-BOE* M H }‘ ‘H‘ ‘ ‘ 910 |

g0 it S |

= 40} I h ]lp‘ | S ‘

L 20? *H*H *J[*##* *HJW 1 f* ‘ ‘

06 48 50 52 54 56 46 48 50 52 54 56
B Cand. Mass [GeV/c ] B Cand. Mass [GeV/c 4]

e optimize S/+/S + B

e keep efficiency high

e background estimate from data
e signal estimate from scaled MC
e similar cuts from both studies

R R
0.00 0.05 0.10
bixy

D75t
0.70}
0.65F
0.60
0.55
0.50
0.45
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B Meson Mass Spectra:

B? —» D w+ BY & D~
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e B mass peaks are quite clean (S/N > 2:1)

O

o

e spectra have interesting structures
e use Monte Carlo to study background shapes
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Background Shapes

er 10
(00]
o

p
Igl

Candidates

Q6 28 50 52 54 56
Dt Mass [GeV/c 2]

o =
>HQ
)

=100¢

N b
o O

96

(Bt — DOz™)
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+
+

+

B* - D K’
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B - D' m
B* . D K'

other

OO0m‘mnm

6 48 50 52 54 56
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e Monte Carlo: B — DX, D% — K+x~
e GEANT simulation of detector and trigger
e Spiky structures are signhatures of D* polarization
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Fitting With Templates:

N CDF Run Il Monte Carlo N CDF Run Il Preliminary, L = 119 pb ™
§120: = o Do §3005_N(B+)=1259 £41 |
o [ O -Drmw O 550
=100 W B°-.D'rw = -
o [ Os._-DK -
— 80_ [] oth
o [
Q. 601
0
T 40f
S |
'8 20:
8 L. vy . v vy ey ey
96 48 50 52 54 56 96 28 50 52 54 56
: 2 —0
Candidate Mass [GeV/c ] D " Mass [GeV/c 2]

e decompose background into groups with similar
features (spiky, Cabibbo suppressed, ..)

e based on Monte Carlo, create analytical templates

e extract shape parameters from MC

e keep shape parameters fixed In fit to data

e combinatorial background — single exponential
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Fit Results for BY and B°

.. 1
CDF Run Il Preliminary, L = 119 pb CDF Run Il Preliminary, L =119 pb ™

o\ F 0 N
o " N(By) =84 £ 11 3) SN
3 50: S 250: N(B)=1135 * 43 \
(D) - (D) -
= 40} =2
o o
N —
) 30 o 1
o [ o
8 20 81
T 10} 5
07

5 052550 52 54 56
D.t* Mass [GeV/c ] D1t Mass [GeV/c ]
e counting systematic error ~ 7%
e 84 + 11(stat) = 4(syst) B, candidates
e 1135 + 43(stat) + 80(syst) B candidates
e this determines the ratio N (B;) /N (Bg)
e remaining work: correct for detector effects

(different efficiencies for B, B") = from MC
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Monte Carlo Validation

X2/ NDF = 13.07 / 16, Prob = 66.74% X2/ NDF = 26.95 / 29, Prob = 57.47% X2/ NDF = 14.96 / 19, Prob = 72.54%
c = . c c O-O8f
= L [ Lum. Weighted MC i = F
< 5.12F —e— Data, Sideb. Subt. <. < 0.07F
2 1 8 2.0.06|
> 0.10:* >0. > '
5 0.08[ z | = 0.05
© - @ 0.03 © 0.04F
o) r o) loRhe N
S 0.06f o S I
aB 0.0 - a 0.02 X 0-03;
' 4: r 0.02?
0.02} J 0.01f + 0.01]

[ T IR IR c; Lo L Ll

0.00g 10 20 30 000 100 200 300 0.00% 2
data: hbotli Pt of B Candidates data: hbotoh B Meson Phi [deg] data: hbotOh B Meson Eta

e validation done using sideband subtraction
e data/MC comparison for Bt — DOxt
e check many other variables, find good agreement
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Systematic Uncertainties:

Effect Syst. Unc.
B pr spectrum 1.5 %
XFT simulation +0.1 %
®° mass cut +1.0 %
cut efficiencies +5.0%
B? lifetime +1.4 %
D;," lifetime 0.3 %
B?Y lifetime 0.4 %
DT lifetime +0.04%
Bg fitting 5.0 %
B? fitting 7.0 %
Total 10.2 %
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Measurement Results:

fs Br(B) — D_ =)
fa Br(B° — D—xt)

= 0.35 £ 0.05(stat) &= 0.04(syst)

+0.09(BR)

Using the world average value for ﬁ—d (;—d = 0.26 + 0.03)
we obtain:
Br(B? — D_«t)
Br(B° — D—7)

= 1.4 £+ 0.2(stat) £ 0.2(syst)

+0.4(BR) £ 0.2(PR)

Our measurement assumes the same fragmentation
model for BY and B° mesons.
. Now we can estimate our B; mixing reach
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B? Mixing Reach Estimates

e Current performance: L

B -1 S/B—92:1 20 sensitivity
e S =1600/ , S/B=2: Am, = 15 ps-!
@) €D2 — 4%, O'(Ct) — 67 fs with 500 pb—l

e With “modest” improvements:
e S =2000/fb~', S/B=2:1
(improve trigger, more modes)
e eD? = 4%, o(ct) = 50 fs
(event by event prim vertex, Si on beampipe)
e 30 for Am, = 18 ps—! with 1.3 fb™!
e 50 for Amy; = 18 ps—! with 1.7 fb~1
e 50 for Am, = 24 ps~—! with 3.2 fb™!
e this is a difficult measurement
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Conclusions

e B, mixing at CDF Il at a glance: *j=cw g |

e initial work has begun |

e reconstructed signal mode, IO o
understand rate

e work on tagging currently |
IN progress, promising

not a particle discovery, 3o Is relevant!
— we want to constrain the unitary triangle
expect to surpass world limit with 1 year of data

beyond that, need to work on ct resolution and
taggers to further extend reach

e push for more luminosity and gather more data

l. K. Furi¢, Towards Bg Mixing with CDFIl, UCSD HEP Seminar, Dec 1, 2003 33



B Mixing: pp vs Y (45S)

Quantity | Y (4S5) pp
Mixing B Mesons | B" B’ B}
oc(B)| ~1nb |[~3—-5ub
o(B)/o(hadron) | ~1:4 | ~1:1000
ct resolution | ~ 1.1 ps ~ 70 fs
tag. power (eD?) | ~ 30% ~ 5%
e higher B production cross section, produce B,
e Immersed In light quark background
e triggering much more important
e B’s boosted in the transverse plane

e less production flavor information

l. K. Furi¢, Towards Bg Mixing with CDFIl, UCSD HEP Seminar, Dec 1, 2003 34



Tagging Efforts in Run |l

CDF Run-Il Prelminary CDF Run-II Preliminary
«2500 — 08¢
C S F
% E muon+displaced track trigger (63 pb '1) 5 0.7 ;— lepton+displaced track trigger (64 pb'l)
éooo L Data 6(track)>0 - 6(track)<0 D 0.6 E_ E Isolated tracks
g | b+c MC 3(track)>0 - 3(track)<0 05 /
-§5oo — || bMC 3(track)>0 - &(track)<0 0.4 } 5
c - 1
u 0.3 :
1000 |— 02F :
0.1F
500 |— O
N 0.1F
0 _I 1 1 S | ) O s ) I i | d T G ) W i} | I W I I'I l'l'“ Jce “"'I'l le 10} _0.2 1 1 1 1 i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
o 05 1 15 2 25 3 35 4 45 5 0 1 2 3 4 5
M( p,track) (GeVic %) p™ (1) (GeVic)

e trigger on lepton + displaced track (SVT)

e signal: [-track intersection ¢t > 0

e background: [-track intersection ct < O

e require 2 GeV/c < m(l,track) < 4 GeV/c
e ~ 500k inclusive B decays — test taggers
e example: measure dilution of soft muon tag
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Fit Result N(B) Stability

CDF Run Il Preliminary, L = 119 pb N CDF Run Il Preliminary, L = 119 pb™

N
al
o

EN(B%)=1135 + 43 |

[ N
a o
o o

al
o

Entries per 10 MeV/c °
=
o
o

96 28 50 52 54 56 — 60 65
D 1t" Mass [GeV/c 2] D" Mass [GeV/cz]

e how reliable Is our counting method?
(assign counting systematic error)

e vary shape parameters for templated background
e extend fit range, fix continuum parametrization
e fits result change up to ~ 7%

e can improve background parametrization
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Stability of Efficiency Ratios:

51.55— 51.25—
21.50} 21.20 t
-lc—s' : —— 4(_50 \
31.45 i - E, 1.15¢
om1.40§ 1 + |l T o, 110014 |
_'; 135 ;-0- . —4— e O;U)].OS [ + +
1.30] 1.00 +
1256 . o oo oosf . . . .
0 50 100 0 50 100
. . -1 . . -1
Luminosity (pb ) Luminosity (pb )

e trigger was constantly being upgraded
e concern: this may affect the efficiencies
e the ratio of total efficiencies iIs stable

regardless of trigger efficiency change
e Measurement quite robust to trigger conditions
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Monte Carlo Validation Method

CDF Run Il Preliminary, L = 119 pb™*
N B
L300
> B

= 250 n
o -
<1200

<) _
©150F

O———%5 55 6.0 6.5
D't Mass [GeV/c]

e high andlow-mass sideband: different composition
e subtract only high-mass sideband
e but scale up number of events

(using the exponential fit for the comb. background)
e check relevant distributions for both B? and B+
e In addition, check N-1 cut efficiencies
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Monte Carlo Validation

X2/ NDF = 13.07 / 16, Prob = 66.74% X2/ NDF = 26.95 / 29, Prob = 57.47% X2/ NDF = 14.96 / 19, Prob = 72.54%
c = . c c 0-085
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< 5.12F —e— Data, Sideb. Subt. < 0.0 < 0.07F T
L 1 8 S 0061
42\0.10; >0.0 > .
5 0.08[ z | = 0.05
© - @ 0.03 © 0.04F
O I O o v [
o 0.06¢ o S .03
aB 0.0 - a 0.02 x 0-03;
' 4: r 0.02?
0.02} J 0.01¢ + 0.01f
[ . L e Lo I S R o, PR A
0.00g 0.00, 100 200 300 00010 1 2
data: hbotli Pt of B Candidates data: hbotoh B Meson Phi [deg] data: hbotOh B Meson Eta
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o 0.251 o - 5 ol
o N Q_008j S 1
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s 5 0.06] 5 |
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e check many variables, good agreement for most
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D Meson Mass Difference

NO 400 ;_ CDF Run Il Preliminary, 11.6 pb™* CDF Run Il Preliminary
> F D Do - o - KK - Sideband subtracted
D 350 - Unbinned likelihood fit projected To12F
- + O ™" [ D rapidity l
= 300} 0010/ _ - |
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Sideband subtracted

o 1.4k D*,2.4k DY — ¢t 3

O
e mass resolution ~ 8 MeV/c? &
e similar kinematics ;

i

30 40
Particle p ; [GeV/c]

e expect small syst. errors
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Mass Difference Result
m(DT)—m(D%) = 99.4140.38(stat)£0.21(syst) MeV/c?
PRD 68 (2003) 072004 - First Tevatron Run Il publication

systematics small, dominated by bkg model:

Effect Syst.[MeV/c?]
fitting 0.14
event selection 0.11
momentum scale 0.10
tracker effects 0.06
calibration procedure 0.03
Total 0.21

e PDG '02: 99.2 + 0.5 1\/1(3\7/(:2
e CLEOZ2 (1998): 99.5 & 0.6 + 0.3 MeV/c?
e BaBar (2002): 98.4 + 0.1 £+ 0.3 MeV/c?
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